In an effort to reduce the blade tip clearance leakage in turbine designs, this article aims to numerically investigate the effects of active jet-flow injected from the blade tip platform upon the blade tip clearance flow. A CFD code integrated with dense-correction-based 3D Reynolds-averaged Navier-Stokes equations together with the well-proven Reynolds stress model (RSM) is adopted. The variation of specific heat is taken into consideration. The effects of jet-flow on the tip clearance flow are simulated at two tip clearance heights, each with five differently located injection holes and three jet-flow mass rates. In this way, the article elucidates the mechanism of active injection control, analyzes the topological tip clearance flow structure, and, finally, calculates the turbine efficiency considering the effects of the jet-flow. The results show that the mass rate of the third jet-flow turn to be the optimum in maximizing the turbine efficiency. The jet-flows through combined holes could increase the efficiency by 0.35% with loose tip clearance, and by 0.3% with tight tip clearance. The number of saddle points is equal to that of nodes near the injection hole, which satisfies the singularity point distribution law.
Introduction

1
The tip leakage flow is one of the most common phenomena in turbomachinery. It stems from the pressure difference across the blade and flows from the pressure surface to the suction surface of it. On leaving the gap on the suction surface side, the leakage flow interacts with the passing flow to form a vortex around the suction surface corner of the blade tip, dominating the aero-thermodynamic behavior of the flow in the tip region and accounting for one-third of overall loss in the turbine stage. For the purpose of either reducing losses or increasing efficiency, turbine designers are always required to adopt proper measures to cut down the tip leakage loss.
From the viewpoint of the energy [1] , the flow control measures can be classified into active control with energy import and passive control without energy import. This article will focus attention on the active turbine tip clearance flow control. Usually the control can be achieved by means of tip injection [2] [3] [4] [5] , plasma [6] [7] [8] and mechanical force [9] [10] [11] [12] . Ref. [2] experimentally stu-*Corresponding author. Tel.: +86-29-88492195.
E-mail address: wei198105199@yahoo.com.cn doi: 10.1016/S1000-9361(08)60078-3 died the turbine tip desensitization method by using tip coolant injection. Refs. [3] [4] [5] carried out in depth experimental studies on the turbine tip desensitization method by injecting tip coolant in a large-scale rotating turbine rig and took the effects of the jet-flow mass rate and the injection location into consideration. It was shown that injecting coolant from tip trench succeeded in overcoming the total pressure defect originally resulted from the leakage vortex without jetflows. Refs. [6] [7] [8] investigated the tip leakage flow control by using the plasma actuators on the turbine blade tip in a linear cascade facility. The results indicated that the actuators caused qualitative changes in the structure of downstream wake profiles. In order to keep the blade tip clearance as small as possible, the first generation of mechanically-actuated active clearance control (ACC) system had been developed [9] [10] [11] [12] . The system provided fast and precise active clearance control over engine's operating period through independent actuators, a segmented shroud structure, and clearance measurement feedbacks.
The article aims to numerically investigate the effects of turbine blade tip injection on tip clearance flow in the light of aerodynamics for a turbine rotor working under the real condition with high temperature, high pressure ratio, and high rotation speeds. To the best of authors' knowledge, only in Pennsylvania State University, some experimental researches have been carried out on the active control by using blade tip jet-flow to reduce the tip leakage loss in rotating turbine rig [2] [3] [4] [5] , but, regrettably, few efforts were devoted to numerical studies. This might be because of costly experiments and prolonged time, and moreover, not all the parameters of tip clearance flow can be acquired under real working conditions of a rotating turbine rig. Therefore, the article simulates the tip leakage flow field on a rotating turbine rotor, which has five differently located holes in blade tips, and investigates the influences of variation of specific heat and the combined jet-flows. The tip leakage flow field will be analyzed in detail according to the streamline patterns and velocity vectors in the turbine rotor passage. Finally, the article ends with calculation of the efficiency of the rotor with jet-flows.
Turbine Rotor and Numerical Analysis
Turbine rotor
The turbine rotor under study is of a single axial high-speed air type. The cylindrical profile of the rotor blades is taken from the root-section of an aeronautic gas turbine rotor blade. Table 1 lists its geometrical parameters. It has a small geometry meaning the tip leakage flow is remarkable. 
CFD code
The simulation of interaction of leakage flow with the jet-flow is performed with the help of a CFD code. Formulated in a Cartesian coordinate system, the code is responsible for solving the Reynolds-averaged Navier-Stokes equations in the 3D steady turbulent form. The fluid is assumed to be of perfect nature. Finite volume method is used to discrete the equations. Since the distribution of the turbulence kinetic energy in different directions makes the turbulent field anisotropic in tip gap region, the isotropic turbulence models (e.g., two-equation models) become inaccurate near the endwall, the tip leakage vortex, the secondary flow, and the blade boundary layer region near the suction side [13] [14] . The Reynolds stress model (RSM) might have anisotropy and rotation effects. H. T. Yang, et al. [15] indicated that RSM performs slightly better than the high Reynolds number k-e model and renormalization group (RNG) model. Y. W. Liu, et al. [16] studied six turbulence models used in compressor aerodynamics to assess the predictive capabilities in the tip region of the rotor. The results show that the RSM is superior to other models in predicting the tip leakage vortex under the designed condition in compressors. Thus, the article uses the RSM and nonequilibrium wall function. To speed up the convergence, the local time stepping and the implicit residual smoothing are used.
In addition, it is very difficult to obtain experimental data on turbine tip clearance flow field in a turbine rig rotating under high pressures and temperatures, hence, an overall performance of a single turbine stage and the outlet flow field in an axial linear turbine cascade is used to validate the code. The simulation results are compared with the overall performance of a single turbine stage [17] [18] (see Fig.1(a) ). 
Grids and boundary conditions
The injection holes are located at 50%, 60%, 70%, 80%, and 90%C a , each corresponds to jet-flow mass rates accounting for 0.2%, 0.2%, 0.2%, 0.2%, and 0.1% of core flow with a clearance of 1.0%H or 2.0%H. Modern high-pressure turbine stages typically eject coolant via radial holes through the tip platforms, which was numerically investigated by G. Chen, et al. [19] in 2D flow field. They concluded that a secondary jet-flow that is injected normally into leakage flow is of great help to reduce the tip leakage flow. N. M. Rao, et al. [3] [4] [5] conducted an experimental study on a turbine tip desensitization method by using tip coolant injection. Air coolant was injected from discrete holes in a tip trench inclined 45° to the blade pressure side. They concluded that the injection through discrete holes could reduce the tip leakage flow and eventually limit the mixing losses due to the tip leakage vortexes. As such, the injection holes are arranged toward the pressure side in the current study. In order to simulate the effects of the jet-flow boundary layer, a round tube is installed in the injection hole. Both the flow angle and the yaw angle of the jet-flow are equal to 45°.
The computational domain consists of a single blade with periodic conditions imposed along the boundaries in the circumferential (pitch) direction. The grid independence has been validated. The tip leakage flow field is sensitive to the radial node number in tip region, whereas the node number in axial and tangential direction has little influence on the tip leakage flow [20] . The RSM and nonequilibrium wall function demand the value near wall to remain at about 30. The radial node numbers of 12, 16, and 20 in tip region are calculated, respectively, to determine the optimal values at a = 1.0%H. When the node number equals 16 and more, it exerts little influence on the flow field. Accordingly, the radial node number in tip region is assumed 30 at a = 2.0%H. A structured hexahedral mesh is adopted in the main flow region with 130×60×90 points in axial, pitchwise, and spanwise directions. The unstructured hexahedral mesh is adopted in the jetflow and the tip leakage region. Fig.2 illustrates a mesh near the tip platform. The inlet boundary is located at one axial chord length in the blade root upstream of the leading edge. The total temperature (1 300 K) and the total pressure (1 000 kPa) are specified along with the inlet flow angle and turbulence intensity level (5.0%). The exit boundary is located at two axial chord lengths in the blade root downstream of the trailing edge. The static pressure is specified as 300 kPa at the exit. The jetflow mass rate is specified at the jet inlet. As the specific heat of the gas varies considerably when temperature is high, the effects of specific heat variation should be taken into account. The viscosity coefficient is decided by Sutherland formula.
Results and Discussion
Distribution of relative Mach numbers and pressure coefficients in middle of tip region
Fig .3 shows the distribution of relative Mach numbers and static pressure coefficients in the middle of tip region at a = 1.0%H with Jet 2nd and Jet 4th, which corresponds to 99.5% span along the blade tip surface. The jet-flow makes the relative Mach number upstream and downstream of the injection holes decline significantly. The pressure coefficient on pressure side greatly increases, whereas it is quite the reverse on suction side. Jet-flows block the tip leakage flow thus decreasing the relative Mach number and increasing the pressure coefficient near pressure side. The flow downstream of the injection holes forms a circulating region, so both the relative Mach number and the pressure coefficient decline on suction side. The axial location of the minimal relative Mach number on suction side is nearer to the trailing edge than that on pressure side, which can be ascribed to the fact that the tip leakage flow passes the tip surface in the direction nearly vertical to the camber line. 
Effects of tip active control on rotor exit flow field
The effects of active control on the tip clearance flow are investigated by observing the total pressure loss coefficient distribution at the 10%C a downstream of the rotor exit plane. Total pressure loss coefficient is defined as
where p rinlet represents the inlet total pressure, p rlocal the local total pressure, the density, and U m the inlet velocity at midspan. Fig.4 illustrates the distribution of pertinent to Jet 1st at a = 1.0%H. Fig.4(a) shows the basic flow field, whereas Fig.4(b) shows the distribution with active control. The region of the tip clearance flow and the entrainment of fluid around it are viewed as the region with high . This region in association with the tip clearance vortex is mainly ascribed to the swirling of the vortex. From Fig.4 , it is clear that reasonable tip clearance jet-flow control can effectively decrease the intensity of the tip leakage vortexes and the tip leakage losses. For detailed flow analysis, see below. 
Effects of injection location on flow field
The a is 1.0%H or 2.0%H. Suppose the turbine working in a critical state. With the other conditions constant, simulate the flow fields with the jet-flows located at 50%, 60%, 70%, 80%, and 90% of C a , respectively. In order to compare the flow behavior with different injection locations, analyze the flow field structures with Jet 2nd and Jet 4th in detail.
(1) Analysis of flow field structure with Jet 2nd Fig.5 shows the velocity vectors and the streamline patterns for the tip gap flow in two selected planes parallel to the tip surface. The ratio z/a, by which is meant the ratio of the distance from the selected plane to the blade tip and to the tip clearance height is assumed to be 0.1 and 0.9, respectively.
The velocity vectors in Figs.5(a)-5(b) show the tip leakage flow that begins near the leading edge. The tip leakage flow interacts with the main flow to form tip leakage vortexes along the suction side near the blade tip. The boundary of the tip leakage vortexes can be clearly seen from velocity vectors and streamline patterns in Fig.5 . The change of injection location obviously alters the local flow distribution near the injection hole yet slightly the ambient flow field. z/a has clear effects upon the velocity vector distribution and streamline patterns. The appearance of star node (see Fig.5(a) ) shows jet-flow coming out. Because of the interaction and the losses produced by the shearing stress, the turbulence fluctuation, and the viscosity in the region between the jet-flow and the tip leakage flow, a recirculation region appears downstream of the jet-flow. In the region, a pair of kidney-shaped vorNo. 2 
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· 133 · texes, denoted by N 1 and N 2 (see Fig.5(b) ), appear. Fig.5 (a) displays a weak tip leakage flow and a short distance from the blade tip to the selected plane and a spiral vortex denoted by N 2 . Based on the flow topology theory, the Poincare value in the plain board with the transverse jet-flow is equal to zero [21] . Out of the similarity between the flow structure with jet-flow from the turbine blade tip and the plain board with the transverse jet-flow, the Poincare value can also be assumed 0. From the singularity point distribution law, the following can be obtained
where N represents the number of nodes, N' the number of seminodes, S the number of saddles, S' the semisaddles, and I the Poincare value. The numbers of N', S', and I are all equal to zero. Figs.6(a)-6(b)). The jet-flow in Fig.6 (a) looks stronger than that in Fig.6 (b) in a form of a spiral saddle N 3 .
Effects of jet-flow mass rate on flow field
The jet-low mass rates m j under study occupy 0.1%, 0.2%, and 0.3% of the main passing flow m p , respectively. The flow field structures of the passage with Jet 3rd (70%C a ) are chosen to be analyzed in detail with small jet-flow mass rate (m j /m p = 0.1%) and large jet-flow mass rate (m j /m p = 0.3%).
(1) Analysis of flow field structure with Jet 3rd at small jet-flow mass flow rate Fig.7 shows the velocity vectors and the streamline pattern of the tip gap flows in a plane (z/a = 0.1) with Jet 3rd.
With small jet-flow mass rate, the jet begins to weaken, so does the interaction between the jet-flow and tip leakage flow without generating kidney-shaped vortexes (see Fig.7 ). The distance of the selected plane to the blade tip in Fig.7(a) is closer than that in Fig.7(b) ; the tip leakage flow becomes stronger and the effects of jet-flow weaker in Fig.7(b) . An N 2 denoted node forms (see Fig.7(a) ) exposing the appearance of a recirculation region downstream of the jet-flow. (2) Analysis of flow field structure with Jet 3rd with large jet-flow mass rate Fig.8 shows the flow field with large jet-flow mass rate with Jet 3rd. Increase of jet-flow mass rate results in intensive interaction between the jet-flow and the tip leakage flow making the flow filed near the jet-flow more complicated by forming a pair of kidney-shaped vortexes denoted by N 1 and N 2 (see Fig.8 ). In Fig.8(a) , with a small tip clearance height and a weak tip leakage flow, the jet-flow exerts stronger influences on the tip leakage flow. As shown in Fig.8(a) , the jet-flow comes out in a spiral form denoted by N 3 . 
Effects of jet on turbine efficiency
Like in the case of other gas cooling turbines, researchers have not yet reached consensus on the definition of efficiency of jet-flow-cooling turbines despite 40 years' development of gas turbine's cooling technology. Ref. [22] reviews the arguments pertinent to it and came up with a new approach to solve the problem by computing the inlet total pressure before and after mixing. Thus the efficiency of turbines can be determined with the natural turbine efficiency formula.
The mixing process is regarded as adiabatic and the total temperature after mixing T 0m can be calculated from the steady flow energy equation for semiperfect gases:
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The total pressure after mixing p 0m is given by
where i is the coolant fraction of the ith coolant stream,
the summation of the n coolant streams, c pg the specific heat pertinent to the total temperature T 0 , R the specific gas constant, p 0 the total pressure. The subscripts ci, g, and m denote the ith coolant stream, mainstream gas, and mix condition, respectively.
Defined as the difference of efficiency between the turbines with and without jet-flows, the effects of the jet-flow are shown in Fig.9 , in which the abscissa denotes the axial chord position of the jet-flow and y axis the variation of turbine efficiency due to jet-flow. The tip leakage flow is sensitive to the injection location. Although all jets under test could increase the turbine efficiency at a = 1.0%H, the fifth jet produces less effects than the first and the second. Jet 1st, Jet 2nd, and Jet 3rd cause the turbine efficiency to increase at a = 2.0%H. The jet-flow mass rate of Jet 3rd proves to be most ideal to maximize the turbine efficiency. The turbine efficiency reaches maximum when Jet 3rd accounts for 0.2% core flow in loose tip clearance, whereas it decreases when the jet-flow accounts for 0.1% or 0.3%. As far as Jet 3rd is concerned, the turbine efficiency changes monotonously with the jetflow mass rate. This indicates that jet-flows reduce the tip leakage flow and the tip leakage loss on one side, but introduce the mixing loss when the jet interacts with the tip leakage flow on the other. Therefore, the jet active control could not achieve the intended purpose unless the positive effects overcome the negative ones.
Effects of combined jet-flows on flow field
Combination of jet-flows is devised to further increase the turbine efficiency. The efficiency could be raised nearly by 0.35% at a = 2.0%H with the combination of Jet 1st, Jet 2nd, and Jet 3rd, each accounting for 0.2% of core flow, and by 0.28% at a = 1.0%H with the combination of Jet 1st and Jet 2nd, each for as much. In contrast, the efficiency increases by nearly 0.30% with only the first jet. This indicates the increase in mixing losses due to the interaction of jet-flows. Fig.10 shows the streamline pattern of the tip gap flows in a selected planes parallel to the blade tip platform with Jet 1st, Jet 2nd, and Jet 3rd at z/a = 0.1 and a = 2.0%H. It displays there being a pair of kidney-shaped vortexes in each jet-flow. 
Study on mechanism of active jet-flow control
When coming out, the jet-flow blocks and counters the tip leakage flow passing the tip region near the pressure side shown in position A of Fig.11(a) . This means that more gas will drive the turbine to work thereby increasing the turbine efficiency. In the jet-flow region, the static pressure coefficient increases upstream of the injection hole and decreases near the suction side shown in position B of Fig.11(a) , so the tip leakage flow velocity decreases (see Fig.3(a) ).
The jet-flow reduces the area of tip leakage vortex (see Fig.4 ). When the jet-flow comes out, it reduces the loss in the tip region, which can be entropy production (see Fig.11(b) ). This serves as a positive effect to help decrease the loss, but also a negative one to generate mixing loss when the jet-flow interacts with the tip leakage flow. Just as mentioned above, that the upside more than balances the downside will justify the application of active jet-flow control. 
Conclusions
A CFD code integrated with dense-correction-based 3D Reynolds-averaged Navier-Stokes equations together with a RSM has been used to simulate and study the effects of jet-flow on tip leakage flow in a high pressure turbine rotor. Taking into account the variation of specific heat, the effects of jet-flow on the tip clearance flow are simulated at two tip clearance heights, each with five differently located injection holes and three different jet-flow mass rates. The main conclusions could be drawn as follows:
(1) The decline of tip clearance loss can be credited to: imposition of blockage on the tip clearance flow thus decreasing the tip leakage loss; decrease of the tip leakage flow velocity downstream of the injection holes and weakening of the interaction between the tip leakage flow and the main passing flow, and decline of entropy production near the jet-flow in tip platform.
(2) The turbine efficiency could benefit from the jet-flow if the injection holes are to be properly located. The combined jet-flows could increase the efficiency by 0.35% in the case of loose tip clearance and by 0.30% in the case of tight tip clearance.
(3) A pair of kidney-shaped vortexes could appear near the blade tip in the jet-flow region. The number of saddle points is equal to that of nodes, which satisfies the singularity point distribution law.
(4) The jet-flow mass rate of Jet 3rd turns to be optimal in maximizing turbine efficiency. The blocking effects of the tip leakage flow by jet-flows abate with smaller jet-flow mass rates while mixing loss augments with larger jet-flow mass rates.
